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Abstract 
CdS thin films were deposited by three different processes; close spaced vapour transport (CSVT), chemical bath 
deposition (CBD), and sputtering technique on ITO coated glasses and their structural and optical properties were 
investigated through XRD, SEM, EDX and UV-Vis spectrometry, respectively. The as-grown films are annealed at 
400ºC and 500ºC for 30 min in air and the change in structural properties with the thermal stress were also 
investigated.  The crystallite grain size, lattice constant, microstrain and dislocation densities of the films are quite 
different in these processes as observed from XRD analysis. The highest crystallinity is observed for sputtered CdS 
thin films.  However, the crystalline property of CBD and sputtered CdS increases with the thermal annealing, while 
CSVT-CdS loses its crystalline form. No significant grain changes are observed for thermally annealed CdS thin 
films but some cracked lines are observed in CBD and CSVT CdS thin films from SEM images. The absorbance in 
the visible wavelength decreased for annealed CdS thin films, which might be due to fact that films are becoming 
denser followed by thermal annealing. Significant blue shifts observed for thermally annealed CdS thin films have 
been found from all processes. The band gap found for as-grown CSVT-CdS is 2.44 eV, for CBD-CdS is 2.38 eV and 
for sputtered-CdS is 2.42 eV. The disorder of phonon states in the films are he 
absorption edges due to the exciton phonon interaction or electron-phonon interaction are also observed from the 
values of steepness parameter. 
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Introduction 
Cadmium sulphide (CdS) is one of the most promising II-VI compound semi-conductor materials 
because of its wide range of applications in different kind of hetero junction solar cells such as cadmium 
telluride (CdTe), copper indium diselenide/sulphide (CIS) and copper indium gallium diselenide/sulphide 
(CIGS) solar cells [1, 2]. It has also applications in various electro-optic devices and infra-red devices 
make it attractive semiconductor [3]. CdS thin film can be deposited using several techniques such as RF 
sputtering [4], chemical bath deposition (CBD) [5], thermal evaporation [6], chemical vapour deposition 
(CVD) [7], close space sublimation (CSS) [8], molecular beam epitaxy (MBE) [9], spray pyrolysis [10] 
and hot wall epitaxy [11]. Among all the processes, CBD is the very common process to make very thin 
CdS thin film for solar cells and RF sputtering is used to get CdS thin films with very smooth surface. 
However, all the deposition process has a significant effect on structural, electrical and optical properties 
of CdS thin films. 
 
In this work we prepare CdS thin films by close space vapour transport (CSVT), chemical bath 
deposition (CBD) and sputtering technique. The CSVT technique is modified to very simple process in 
this work in which we prepare CdS thin films in air pressure with 400ºC and 500ºC of substrate and 
source temperature, respectively. The CBD grown CdS thin film are prepared by using an aqueous 
solution of thioria, ammonia, ammonium chloride and cadmium chloride, respectively. The solution 
temperature was kept 70ºC for the whole deposition time. The prepared films were cleaned by 20% HCl 
solution and heated for 30 min at 100ºC. The sputtered films prepared from 99.999% pure CdS target 
with 300ºC substrate temperature and 12 mTorr pressure. The films thicknesses were found to be in the 
range 100 to 200 nm for all the processes. 
 
2. Experimental procedure 
 
Commercially available soda lime glasses were dipped in 20% HCl solution for 10 minutes then 
cleaned in ultra-sonic bath, degreased by ethanol-acetone-ethanol and deionised water for 5 minutes, 
respectively. Degreased glasses were dried by dry N2. The ITO thin films were prepared on top the glass 
at 300ºC for 1 hour while the thickness of the films found 300 - 400 nm. The CdS thin films are prepared 
on this ITO coated glasses by CSVT, CBD and sputtering techniques.  
 
For CSVT CdS, a white semi-liquid paste is prepared from sodium diethydithiocarbamatetrihydrate 
[NaS2CN(C2H5)2], cadmium chloride (CdCl2) and propan-2-ol (C3H7OH). The paste is then screen printed 
to clean glasses substrates which were dried by sintering for 1 hour. These pasted glasses were used as 
CSVT CdS source later. Then the substrate and source glasses are packed with a distance 2 mm under 
fume hood and increased their temperature; 500ºC for source and 400ºC for substrate. During the heating 
process, CdS is deposited to ITO coated glasses as a CdS vapour. The heating was stopped after 10 
minutes of deposition and cooled down to the room temperature naturally. 
 
CBD CdS thin films are grown from decomposition of thiourea in an alkaline solution containing a 
cadmium salt and suitable complexing agent ammonia (NH3) and ammonium chloride (NH4Cl). To 
prepare CdS thin films, the cadmium chloride served as the cadmium source, thiourea as a sulphur source 
and ammonium chloride as a complexing agent, respectively. CBD CdS thin films are deposited on 
substrate by the reaction of Cd2+ complex with S2-, where the sulphur ions are supplied by the 
decomposition of thiourea in an alkaline solution, and cadmium ions  are given by the dissociation of a 
complex species of cadmium [Cd(NH3)4]2+. The reaction mechanism for CBD CdS can be written as [12, 
13]: 
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NH3 + Cd 2+ 3)42+ 
 
Where, the Cd2+comes from the CdCl2 source and thiourea supplies S2- ions through hydrolysis in alkaline 
medium: 
 
SC(NH2)2 +OH-  - + CH2N2 +H2O 
SH- + OH- 2-  + H2O 
 
Complex and sulphide ions migrate to the substrate surface, where they react to form CdS: 
 
Cd(NH3)42+  + S2-  3 
 
During CdS film deposition according to the above reaction, the formation of Cd(OH)2 occurs as a 
competitive process in the bath. NH3 is a source of OH- ions through the following reaction: 
 
NH3 + H2O 4+ + OH- 
 
A proper complexing agent for the chemical bath deposition is needed to improve homogeneity of the 
thin films as well as its growth rate. In this process, we have seen that good quality wurtzite CdS thin 
films can be grown by using ammonia and ammonium chloride as the complexing agent. 
 
CdS thin films of 200 nm thicknesses were sputtered on ITO coated glasses at a substrate temperature 
300ºC with 50 watts of RF power in 14 mTorr of pressure. The target used in this process was 2 inch 
diameter ceramic type with purity 99.999%. The deposition rate observed from the crystal monitor was 
around 1.4 Å/sec. The samples were kept in the deposition chamber until the temperature cooled down to 
room temperature. All the films prepared from above processes are then annealed for 30 min. at 400ºC 
and 500ºC, respectively in a vacuum furnace with pressure 500 mTorr. The different samples are taken 
for the annealing process where they are processed all together in the same manner. The structural 
properties of the as-deposited and thermally annealed films are observed from the X-ray powder 
-D8 Advance Cu-
. The surface morphology of the films is 
observed from the Variable pressure scanning electron microscope (VP-
INSTRUEMENTS, INCAX- . The optical parameters such as transmission, 
absorption and optical energy band gap of the thin films a
spectrometer.  The results found from the above analysis are compared for as-prepared and annealed CdS 
thin films with respect to the preparation processes. 
 
3. Results and discussion 
 
XRD spectra of the as-deposited CdS thin films are shown in Fig. 1 to evaluate the crystallographic 
properties of the CdS thin films. These results indicate that all of the films have a polycrystalline 
structure. For the films, the main characteristic peaks are assigned to the (002), (101), (102), (220), (103) 
and (311) planes are confirmed from JCPDS card no. 77-2306. The relatively stronger peak along (002) 
film 
structure has also been reported by other researchers [14-16] at where the process parameters are a little 
deferent from this work. It has been seen that the number of CdS peaks found for CBD process well 
exceeds the peaks in films grown by CSVT and sputtering. However, peak height along the (200) plane is 
observed quite higher for sputtered CdS film indicating the better crystalline quality. The lattice 
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7, 18] as allocated in Table 1. 
 
dhkl                      (1) 
acubic = dhkl (h2+k2+l2)1/2               (2) 
ahex= (1/2)1/2acubic                 (3) 
 
where,  is the X-ray wavelength (0.15406 nm), d is the spacing between the planes in the atomic lattice, 
 is the angle between the incident ray and the scattering planes, and a is the lattice constant. 
 
The average crystallite size was calculated from the recorded XRD patterns by using Debye-Scherrer 
formula [19] an 0] were also calculated for the films: 
 
Crystallit           (4)  
M            (5) 
Dislocation              (6) 
 
X-rays (0.15406 nm), 
X- -CdS thin films. 
 
Since the crystalline size and shape of the CdS film affect the electronic properties of the solar cell 
[21], an estimation of these parameters was carried out and is shown in Table 1. The calculated 
dislocation densities and micro strains of the thin films are also shown in Table 1. It has been seen that the 
dislocation densities are reduced for CBD CdS and sputtered CdS thin films while they are thermally 
annealed indicating that microstrains are released due to the thermal annealing. Following this effect the 
crystalline sizes of those films are also increased.  
 
 
Fig. 1. XRD spectra for as-grown CSVT-CdS, CBD-CdS and sputtered-CdS thin films  
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Table 1. FWHM, crystalline size, strain and dislocation density of CdS thin films 
Sample ID Ann. Temp. 
(0C) 
dhkl[002] 
(nm) 
a [002] 
(Å) 
FWHM 
 
Crystalline size 
[D](nm) 
Micro-strain 
-3) 
Dislocation density 
 11 cm-2) 
CSVT 
CdS 
(a1) As-deposited 0.334 4.72 0.0070 20.12 7.39 1.17 
(a2) 400 0.0075 17.78 7.91 1.41 
(a3) 500 0.0078 17.09 8.22 1.53 
CBD 
CdS 
(b1) As-deposited 0.334 
  
4.72 0.010 14.10 10.5 2.69 
(b2) 400 0.0089 15.82 9.39 1.88 
(b3) 500 0.0075 17.78 7.91 1.41 
Sputt. 
CdS 
(c1) As-deposited 0.333 4.70 0.0060 23.46 6.33 0.86 
(c2) 400 0.0045 31.29 4.74 0.48 
(c3) 500 0.0057 24.70 6.01 0.53 
 
VPSEM images are illustrating the evolution of the film morphology as shown in Fig. 2 for 
corresponding to the as-grown (a1, b1 and c1) and thermally annealed CdS thin films (a2, b2, and c2 for 
400ºC, and a3, b3 and c3 for 500ºC ) deposited by CSVT (group a), CBD (group b) and sputtering (group 
c) techniques, respectively.  
 
 
Fig. 2. VP-SEM image for as-grown (a1, b1 and c1) and thermally annealed CdS thin films (a2, b2, and c2 for 400ºC, and a3, b3 and 
c3 for 500ºC) prepared by CSVT (group a), CBD (group b) and sputtering (group c) techniques, respectively. 
From the micrographs, it is observed that the as deposited films are without any void, pinhole or 
cracks and they cover the substrates very well. But, there are some cracks observed in annealed films for 
208   M.A. Islam et al. /  Energy Procedia  33 ( 2013 )  203 – 213 
CSVT CdS and CBD CdS. The cracks may have formed due to densification of the CdS thin films during 
high temperature annealing in a vacuum ambient. The same phenomena for thermally annealed CdS thin 
films were also observed by other groups [22, 23]. From the figure, it has been clearly observed that the 
small nano-sized grains are engaged in CSVT and CBD CdS thin films with a compact and rough surface, 
but the films grown from sputtering has shown a comparatively smooth surface with very small grains. 
However, the films prepared by CBD technique are showing larger grains than CSVT process. The grain 
sizes are found different in different preparation processes, which may be due to the different nucleation 
rate of CdS for different process.  
 
The diffusion of different materials from ITO to the CdS during annealing are also observed from 
EDX graphs. Figure 3 shows the EDX graphs for the samples heated at 400ºC for 30 min. and atomic 
concentrations are shown in Table 2. The EDX data was taken from the cross-sectional mid-point of the 
samples. The highest diffusion is observed for CBD CdS thin films. The elemental In and Sn diffusion 
from ITO to CdS was also reported [24]. It might be due to the CdS growth at low temperature in CBD 
process. Since, the diffusion of In to the CdS film due to the thermal annealing does not change the 
polycrystalline hexagonal structure [25], no crystallographic order change was observed in the XRD 
spectra although In diffusion is very high as found from EDX spectra. Moreover, reports show that no 
secondary phase for In has been found in XRD for In doped CdS thin films prepared by thermal 
evaporation [26]. Therefore, the mechanism for the change of the crystalline orientation due to the In 
diffusion is not completely understood yet, may be the amount of secondary phases are too small to be 
detected by XRD. 
 
 
Fig. 3. EDX for thermally annealed CdS thin films (a1, b1, and c1 for as-deposited and a2, b2, and c2 for 400ºC, respectively) 
deposited by CSVT, CBD and sputtering techniques. 
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Table 2. Atomic concentration of different materials in CdS thin films after annealed at 400ºC 
 Cd (%) S (%) In (%) Sn (%) O (%) 
CSVT CdS(a1) 
CBD CdS(b1) 
Sputt. CdS(c1) 
49.95 50.05    
46.72 53.28    
48.69 51.31    
CSVT CdS(a2) 
CBD CdS(b2) 
Sputt. CdS(c2) 
25.91 30.73 43.36   
6.65 8.39 24.54 20.49 39.93 
10.04 17.29 34.77  37.90 
 
UV-Vis spectrometry is used to see the optical properties such as transmission, absorption and optical 
band gap of the thin films. A blank ITO coated glass slide was placed in one of the beam directions 
during the scanning process while the glass slide with the deposited CdS film was inserted in the other 
beam direction. In this manner, the absorption and transmission spectra recorded by the spectrometer 
were from the CdS thin films deposited on the ITO coated glasses. The transmission spectra are shown in 
Fig. 4, which was recorded for wavelengths ranging from 300 to 800 nm. The films allow passing the 
light around 80% above the 500 nm of wave length, highest transmittance is observed for CSVT CdS in 
the low wave length region. 
 
 
Fig. 4. Transmittance and absorption spectra for as-grown CSVT-CdS, CBD-CdS and sputtered-CdS thin films 
 
The bandgaps of the as-grown CdS thin films are calculated from the following equation [26]. 
 
 - Eg)2 / h                                                       (7) 
 
is constant; h Eg is the band gap. 
h )2 vs h  are plotted in Fig. 5 enabling the energy band gaps of the films to be 
determined. The bandgaps found in this work are 2.44 eV for CSVT-CdS, 2.38 eV for CBD grown CdS 
and 2.42 eV for the films deposited by sputtering technique.  
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Fig. 5. Bandgap for as-grown CSVT-CdS, CBD-CdS and sputtered CdS thin films 
 
It has also been assumed that the absorption coefficient near the band edge shows an exponential 
dependence on photon energy and this dependence is given as follows [26, 27], 
 
0exp(h /EU)                             (8) 
 
where, U  is Urbach energy which corresponds to the width of the band tail of localised states and it 
0 is a constant. Therefore, a plot of l vs. 
h  should be linear and Urbach energy can be obtained from the slope. The graph in Fig. 6 shows the 
variation of ln vs. h  for the CdS thin films prepared from different techniques. EU was calculated from 
the reciprocal gradient of the linear portion of these curves and is shown Fig. 6. The calculated values are 
given in Table 3. EU gives information about the thermal disorder or the occupancy level of phonon states 
in crystals directly [27]. The higher EU represents the higher disorder of phonon states in the films. 
also be modelled as an Einstein oscillator, by which 
the structural and thermal disorder in the sample could be calculated [28, 29]. Generally, the EU values are 
changed inversely with optical band gap of thin films. The dependency of the optical absorption 
coefficient of thin films with photon energy may arise from electronic transitions between localised states. 
The density of these localised states falls off exponentially with optical band gap which is consistent the 
Tauc theory [30]. Then, the Eq. (8) can be rewritten as, 
 
0exp[(Eg                   (9) 
 
where, is a called steepness parameter, which describes the broadening of the absorption edge due 
to the exciton phonon interaction or electron-phonon interaction. When the width of the edge is related to 
the slope of Eq (8), the parameter  is found as, 
 
= kT/EU                                            (10) 
 
 were calculated using this relationship by taking T=300K and are given in Table 3. 
The values suggest that the absorption edge changes with chuck rotation rate. The chuck rotation rate is 
responsible for the width of localised states in the optical band of the films, where it is inversely changed 
with the Urbach energy values. 
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Fig. 6. The Urbach plots of the as-deposited CdS thin films 
Table 3. U -deposited CdS thin films 
 Eg(eV) EU (eV) -3) 
CSVT CdS (a1) 2.44 0.785 32.93 
CBD CdS (b1) 2.38 1.069 24.18 
Sputt. CdS (c1) 2.42 0.943 27.41 
 
 
4. Conclusion 
 
CdS thin films were grown from three different processes; CSVT, CBD and sputtering technique on 
ITO coated glasses. The structural and optical properties of as-deposited and thermally annealed films 
were observed through XRD, SEM, EDX and UV-Vis spectrometry, respectively. The crystallite grain 
size, lattice constant, microstrain and dislocation densities of the films are found quite different in these 
processes as observed from XRD analysis. However, the highest crystallinity was observed for sputtered 
CdS thin films and the lowest crystallinity is observed for CBD-CdS thin films. Interestingly, crystallinity 
of both films is increased by thermal annealing, while CSVT-CdS has lost its crystalline form with 
annealing. From SEM images, no significant grain changes are observed for thermally annealed CdS thin 
films but some cracked lines are visible in CBD and CSVT-CdS thin films. Moreover, quite smooth 
surfaces are observed for sputtered CdS thin films and no changes are observed for annealed films too. 
The absorbance in the visible wavelength decreases for annealed CdS thin films indicating that films are 
becoming denser followed by thermal annealing. The bandgap found for as-grown CSVT-CdS is 2.44 eV, 
for CBD-CdS is 2.38 eV and for sputtered-CdS is 2.42 eV, respectively. The higher disorder of phonon 
states in the films are observed for CBD grown CdS and the highest width of localised states in the optical 
band is observed for CSVT grown CdS thin films. 
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